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(57) ABSTRACT

In one aspect, an apparatus for converting light having a first
wavelength to a light having a second wavelength is pro-
vided. The apparatus includes an interband light detector
configured to detect light with the first wavelength, a light
emitting device configured to emit light with the second
wavelength, and a connector connecting the light detector to
the light emitting device. In another aspect, an apparatus
includes an absorber layer configured to absorb light having
a first wavelength, a barrier and trap layer adjacent the
absorber layer, an injector layer adjacent the barrier and trap
layer, and an emitting device configured to emit light having
a second wavelength. In a further aspect, a method is
provided and includes absorbing an input light having a first
wavelength, converting the first wavelength to a second
wavelength different in size than the first wavelength, and
emitting an output light having the second wavelength.
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SYSTEMS, APPARATUSES AND METHODS
FOR CONVERTING LIGHT WAVELENGTHS

RELATED APPLICATIONS

The present application claims the benefit of co-pending
U.S. Provisional Patent Application No. 61/790,896, filed
Mar. 15, 2013, the contents of which are incorporated by
reference herein in their entirety.

FIELD OF THE INVENTION

The present disclosure generally relates to converting
wavelengths of light and, more particularly, to converting
light having a first wavelength to light having a second
wavelength.

BACKGROUND

Infrared detectors and imagers exist. Some infrared imag-
ers operate at wavelengths in excess of 1000 nanometers
(nm), which is beyond the level of detection for a silicon
detector. Such detectors and imagers convert incoming
infrared photons to an electronic signal and require bump-
bonding to integrate the detectors and imagers with a read
out circuit, which results in bulky and expensive IR imagers.

SUMMARY

In one aspect, the subject matter of the present disclosure
may eliminate the need for bump-bonding since infrared
light is directly converted to visible light that may be directly
viewed by the naked eye. The present disclosure may also be
used to convert light beyond a silicon detection limit (e.g.,
wavelength>1000 nm) to light that is detectable by silicon
CMOS and CCD detector or imager (e.g., wavelength<1000
nm). Silicon based detectors or imagers are low-cost and can
capture the image in digital form.

In one aspect, the present disclosure may significantly
reduce the weight, volume, and cost of infrared imagers.

In one aspect, the present disclosure is capable of pro-
ducing a high gain as a result of producing more photons at
an output than at an input configured to receive incoming
photons. Such a high gain is important in many applications,
especially where infrared light has a very low intensity such
as, for example, night vision applications.

In one aspect, the present disclosure is based on integra-
tion of an infrared light detector and a visible light emitting
device. In one example, the infrared detector and the light
emitting device may be monolithically integrated. In one
example, the infrared detector may be a nano-injection
infrared detector. In one example, the light emitting device
may be an organic light emitting diode (OLED), a light
emitting diode (LED) or light emitting laser (VCSEL). The
integrated infrared detector and visible light emitting device
may produce a two-dimensional array that can directly
convert an infrared image to a visible image. In one
example, the present disclosure is configured to produce
thousands of visible photons per each infrared photon
detected at wavelengths longer than about 1.5 micrometers.
In one example, the infrared detector, and its associated
large internal gain, is used to achieve an up-conversion with
a large gain.

In one aspect, a system is provided and includes an
infrared detector adapted to detect infrared light and a light
emitting device adapted to emit a visible light having a
visually perceivable wavelength. The system is adapted to
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convert the infrared light to the visible light. The system may
also include an infrared absorbing layer adapted to absorb
the infrared light. The infrared absorbing layer may have a
bandgap energy smaller than about 1.24 electron-volt. An
electron-hole pair may be produced as result of the infrared
absorbing layer absorbing the infrared light. The system may
also include a barrier and trap layer adapted to simultane-
ously trap the holes and block electron injection. In one
example, the barrier and trap layer may have a smaller area
or be narrower in width than the infrared absorbing layer.
The system may also include an electron hole pair supply
layer that generates electron hole pairs. In one example, the
electron hole pair supply layer may be a metallic layer. In
one example, the electron hole pair supply layer may be a
semi-metallic layer. In one example, it is desirable that the
electron hole pair supply layer have small or zero band gap
energy. The system may also include an injector layer to
inject the holes into a visible light emitting device and to
combine the holes with the electrons to produce photons
having a wavelength that is detectable by a silicon-based
detector or imager. In one example, the wavelength is less
than 1000 nanometers. In one example, the silicon-based
detector may be a conventional silicon CCD or CMOS
detector or imager.

In one aspect, an apparatus for converting light having a
first wavelength to a light having a second wavelength is
provided. The apparatus includes an interband light detector
configured to detect light with the first wavelength, a light
emitting device configured to emit light with the second
wavelength, and a connector connecting the light detector to
the light emitting device. In one aspect, the first wavelength
is greater than the second wavelength. In one aspect, the first
wavelength is greater than 1000 nanometers and the second
wavelength is less than 1000 nanometers. In one aspect, the
light having the first wavelength is infrared light and the
light having the second wavelength is visible light. In one
aspect, the apparatus further includes an electron hole pair
supplier configured to supply electron hole pairs. In one
aspect, the connector is at least partially comprised of the
electron hole pair supplier.

In one aspect, an apparatus for converting light having a
first wavelength to a light having a second wavelength is
provided. The apparatus includes an absorber layer config-
ured to absorb light having the first wavelength, a barrier and
trap layer adjacent the absorber layer, an injector layer
adjacent the barrier and trap layer, and an emitting device
configured to emit light having the second wavelength. In
one aspect, the barrier and trap layer is narrower than the
absorber layer. In one aspect, the barrier and trap layer and
the injector layer are both narrower than the absorber layer.
In one aspect, the absorber layer is formed on a substrate,
and the substrate is transparent with respect to light having
the first wavelength to enable light having the first wave-
length to pass through the substrate. In one aspect, the
absorber layer is formed on a substrate, the barrier and trap
layer is formed on the absorber layer, and the injector layer
is formed on the barrier and trap layer. In one aspect, the
apparatus further includes an electron hole pair supply layer
between the injector layer and the light emitting device. In
one aspect, the light emitting device is at least partially
comprised of at least one of an organic light emitting diode
layer, a light emitting diode layer, and a vertical cavity
surface emitting laser layer. In one aspect, the first wave-
length is greater than the second wavelength. In one aspect,
the first wavelength is greater than 1000 nanometers and the
second wavelength is less than 1000 nanometers. In one
aspect, the absorber layer is an interband absorber layer.
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In one aspect, a method of converting an input light
having a first wavelength to an output light having a second
wavelength is provided. The method includes absorbing an
input light having a first wavelength and converting the first
wavelength to a second wavelength with the first wavelength
and the second wavelength being different sizes. The method
also includes emitting an output light having the second
wavelength. In one aspect, the method further includes
generating an electron-hole pair including an electron and a
hole subsequent to absorbing the input light having the first
wavelength. In one aspect, the method further includes
injecting the hole into a light emitting device, injecting the
electron into the light emitting device and combining the
hole and the electron to form the output light having the
second wavelength. In one aspect, the first wavelength is
greater than 1000 nanometers and the second wavelength is
less than 1000 nanometers. In one aspect, the method further
includes amplifying the input light, and the step of emitting
further includes emitting an amplified output light. In one
aspect, the input light is comprised of at least one input
photon and the amplified output light is comprised of a
plurality of output photons. In one aspect, the step of
amplifying further includes producing a plurality of elec-
trons for each absorbed input photon, and the method further
includes converting the plurality of electrons to the plurality
of output photons.

BRIEF DESCRIPTION OF THE DRAWINGS

The present disclosure can be better understood with
reference to the following drawings and description. The
components in the figures are not necessarily to scale,
emphasis instead being placed upon illustrating the prin-
ciples of the disclosure.

FIG. 1 is a schematic block diagram of one example of a
system, according to one aspect of the present disclosure.

FIG. 2 is a schematic of one example of an apparatus of
the system shown in FIG. 1, according to one aspect of the
present disclosure.

FIG. 3 is a diagram illustrating one example of an
energy-band associated with the apparatus shown in FIG. 2,
according to one aspect of the present disclosure.

FIG. 4 illustrates one example of a process for manufac-
turing an example of the apparatus shown in FIG. 2, the
process includes a plurality of schematic illustrations asso-
ciated with exemplary steps of the process, the apparatus
associated with this exemplary process includes an organic
light emitting diode (OLED) and this exemplary apparatus
may be one of a plurality of similar apparatuses used in the
system shown in FIG. 1 to form a two-dimensional array for
producing a light array, according to one aspect of the
present disclosure.

FIG. 5 illustrates another example of a process for manu-
facturing another example of the apparatus shown in FIG. 2,
the process includes a plurality of schematic illustrations
associated with exemplary steps of the process, the appara-
tus associated with this exemplary process includes an LED
or VCSEL and this exemplary apparatus may be one of a
plurality of similar apparatuses used in the system shown in
FIG. 1 to form a two-dimensional array for producing a light
array, according to one aspect of the present disclosure.

FIG. 6 is an isometric view of one example of an
apparatus similar to that formed by the process shown in
FIG. 5, this example of the apparatus includes an undercut
achieved by using selective barrier wet etching with the
undercut appropriately etched, according to one aspect of the
present disclosure.
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FIG. 7 is an isometric view of another example of an
apparatus similar to that formed by the process shown in
FIG. 5, this example of the apparatus includes an undercut
achieved by using selective barrier wet etching with the
undercut excessively and improperly etched.

DETAILED DESCRIPTION

Referring to FIGS. 1-6, one example of a system 20 for
converting light from a first wavelength to a second wave-
length is shown. The system 20 may convert light from a
larger wavelength to a smaller wavelength. In one example,
the system 20 may convert light having a wavelength of
greater than 1000 nanometers (nm) to a light having a
wavelength less than 1000 nanometers (nm). Some of the
light having a wavelength greater than 1000 nm may qualify
as infrared light and some of the light having a wavelength
less than 1000 nm may qualify as visible light. Thus, in one
example, the system 20 is configured to convert infrared
light to visible light. Additionally, in one example, the
system 20 is configured to amplify light. In this example,
light input into the system 20 is amplified when output from
the system. Furthermore, in one example, the system 20 is
configured to both convert light from a first wavelength to a
second wavelength and amplify the light.

With particular reference to FIG. 1, in one example, the
system 20 includes a plurality of apparatuses 24 configured
to convert light from a first wavelength to a second wave-
length. In this example, the first wavelength is greater in size
than the second wavelength. Thus, in this example, the
plurality of apparatuses 24 are configured to decrease the
wavelength of light entering the apparatuses 24. In one
example, the apparatuses 24 are also configured to amplify
the light from input to output.

Referring now to FIG. 2, each apparatus 24 is substan-
tially similar and, therefore, only one apparatus 24 will be
described in detail herein. In the illustrated example, the
apparatus 24 includes a detector 28, a light emitting device
32, and a connector 36 for connecting the detector 28 and the
light emitting device 32 together. In one example, the
detector 28, the light emitting device 32, and the connector
36 are all monolithically integrated. Alternatively, the detec-
tor 28, the light emitting device 32 and the connector 36 may
be formed and relate to each other in other manners. The
detector 28 may be a wide variety of detectors and be
capable of detecting light of varying wavelengths. In one
example, the detector 28 is an infrared detector capable of
detecting infrared light. In one example, the detector 28 may
be able to detect light having a wavelength greater than 1000
nm. In one example, the detector 28 may be a nano-injection
infrared detector. In one example, the detector 28 may be an
interband detector. In this example, the interband detector 28
may be configured to excite electrons 68 from a top of a
valence band 65 to a bottom of a conduction band 66. The
valence band 65 has a lower energy and the conduction band
66 has a higher energy. Thus, electrons 68 move from a
valence band to a conduction band. Conversely, an inter-
suband detector is configured to move electrons from a
lower energy portion of a conduction band to a higher
energy portion of the conduction band. Thus, electrons in an
intersuband detector remain in and move within the same
conduction band. Additionally, the light emitting device 32
may be a wide variety of light emitting devices. In one
example, the light emitting device 32 is a visible light
emitting device such as, for example, an organic light
emitting diode (OLED), a light emitting diode (LED) or
light emitting laser (VCSEL).
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As illustrated in FIG. 1, in one example, the system 20
includes the plurality of apparatuses 24 oriented to produce
a two-dimensional array that can directly convert light from
a wavelength in access of 1000 nanometers to light having
a wavelength less than 1000 nanometers. In one example,
the apparatuses 24 can convert an infrared image or infrared
light to a visible image or visible light. In this example, the
apparatuses 24 are each configured to absorb infrared pho-
tons and produce and emit thousands of visible photons per
each absorbed infrared photon. This conversion of one
photon to thousands of photons may be referred to as an
internal gain or amplification. Some examples of applica-
tions for which the system 20 may be used include, but are
not limited to, low cost automotive night vision, ultra-light
and compact night vision goggles, infrared surgical glasses/
goggles, etc.

Referring now to FIG. 3, an exemplary diagram repre-
senting one example of an energy band associated with one
of the apparatuses 24 is illustrated. In this exemplary dia-
gram, the energy band of the apparatus 24 illustrates various
components of the apparatus 24 and how these components
are associated with photons, electrons, electron holes, etc.,
and how the apparatus 24 is configured to receive light of a
first wavelength 40, reduce the wavelength of the light to a
second wavelength 44, and output or emit light having the
second, reduced wavelength 44. This diagram also illustrates
how the apparatus 24 is capable of amplifying the light from
input to the emission of the light.

In this illustrated example, the apparatus 24 includes an
absorber 48, a barrier and trap 52, an injector 56, a contact
60, an electron hole pair supplier 64 and a light emitting
device 32. In one example, the absorber 48 may be an
interband absorber 48. In this example, the absorber 48 may
be configured to move electrons 68 from a top of the valence
band 65 to a bottom of the conduction band 66. The valence
band 65 has a lower energy and the conduction band 66 has
a higher energy. Thus, electrons 68 move from a lower
energy to a higher energy. In the illustrated example, the
barrier and trap 52 is a single, unitary structure or member
configured to act as both a barrier to electrons and a trap for
holes. In other examples, the barrier and trap 52 may be
separate members. In one example, the electron hole pair
supplier 64 may be the connector 36. In one example, the
contact 60 and the electron hole pair supplier 64 in combi-
nation may be the connector 36. In one example, the
absorber 48, barrier and trap 52, the injector 56 and the
contact 60 to the left of the electron hole pair supplier 64
may be grown on one substrate (e.g., made of InP), and the
light emitting device 32 to the right of the electron hole pair
supplier 64 may be grown on another substrate (e.g., made
of GaAs).

With continued reference to FIG. 3, in this illustrated
example, infrared light with first wavelengths 40 (e.g.,
greater than 1000 nm) arrive from a back of the apparatus 24
and is absorbed by the absorber 48 to produce an electron-
hole pair, which includes both an electron 68 and a hole 72.
In one example, the absorber 48 is made of InGaAs. Alter-
natively, the absorber 48 may be made of other materials.
The hole 72 may be trapped in the barrier and trap 52. In one
example, the barrier and trap 52 is a Type-II energy band
alignment barrier and trap. The barrier and trap 52 simul-
taneously traps holes 72 and is a barrier to electrons 68. In
one example, an area of the barrier and trap 52 may be
smaller or narrower than an area of the absorber 48 to boost
the gain of the apparatus 24 even at low light levels. In other
examples, an area of the barrier and trap 52 may not be
smaller or narrower than an area of the absorber 48. The
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apparatus 24 has gain or amplification that has been mea-
sured near about 10,000 electrons per each absorbed infrared
(IR) photon. Moreover, noise of the apparatus 24 may be
suppressed. Noise may be characterized as inconsistency in
output of an apparatus without corresponding fluctuation of
input. That is, the output of an apparatus may fluctuate
without changing the input.

With further reference to FIG. 3, in this example, the
barrier provided by the barrier and trap 52 lowers due to the
trap of the hole 72 and allows the injector 56 to inject several
thousand electrons 68 per each generated hole 72. The
increased electron injection is compensated by increased
flow of electrons 68 from the contact 60 and increased
generation of electron-hole pair in the electron hole pair
supplier 64. The creation of many electrons 68 for each
absorbed photon results in amplification of the incoming
light or photon 40 and output of an amplified light or photon
44. In one example, the electron hole pair supplier 64 may
be metallic. In one example, the electron hole pair supplier
64 may be semi-metallic. In one example, the electron hole
pair supplier 64 may be non-metallic. In one example, it is
desirable that the electron hole pair supplier 64 have small
or zero band gap energy. Holes 72 generated by the electron
hole pair supplier 64 move toward and get trapped into a
quantum well 74 of the light emitting device 32 and where
the holes 72 will be recombined with electrons 68 in the
quantum well 74 to produce photons (or light) having
second wavelengths 44 that are shorter than the first wave-
lengths 40. In one example, the second wavelengths 44 will
be less than 1000 nm. In one example, the light emitting
device 32 may include a top contact 76 that is transparent
and conductive such as, for example, ITO, CNT layer, thin
metals, etc., or the top contact 76 may include holes or
hole-arrays that allow high transmission of short-wave pho-
tons. These short-wave photons may be directly visible by a
human eye 80, or may be detected by a silicon CMOS or
CCD imager or detector 84 that is coupled (directly or
indirectly) to the array provided by the system 20 via a short
fiber optic faceplate, other light pipes, or any other manner
of coupling.

In some examples, the aforementioned configuration of
the apparatus 24 may be formed by wafer bonding that is
based on a metal interface. Alternatively, in other examples,
the aforementioned configuration of the apparatus 24 may be
formed using non-metallic conductive bonding layers or
even no bonding layer with so-called direct wafer fusion. In
the absence of a metallic interface, a tunnel junction may be
inserted between the detector 28 and the light emitting
device 32. In one example, the tunnel junction is the
connector 36. In one example, the tunnel junction is the
electron hole pair supply layer 64. In one example, the
tunnel junction is a combination of the contact 60 and the
electron hole pair supply layer 64. In one example, tunnel
junction is made of heavily-doped InGaAs-n**/GaAsSh-
p**. The tunnel junction can effectively produce a high rate
of electron-hole pairs, similar to a metallic or semi-metallic
layer.

In the illustrated example of FIG. 3, the light emitting
device 32 may be a light emitting diode (LED). However,
one can replace the light emitting diode with a vertical cavity
surface emitting laser (VCSEL). The benefit of VCSEL is a
high conversion efficiency of injected electrons to short-
wavelength photons as well as higher brightness due to the
directionality of the emitted beam. It should be understood
that the light emitting device 32 of the apparatus 24 may be
any visible light emitting device and be within the spirit and
scope of the present disclosure. Moreover, it should be
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understood that the light emitting device 32 may be any light
emitting device that can emit a light have a wavelength equal
to or less than 1000 nm.

In one example, the light emitting device 32 may be an
organic light emitting diode (OLED). An example of an
OLED is illustrated in FIG. 4 where various exemplary
manufacturing steps are shown (described in more detail
below). Examples of the apparatus 24 that use a metallic
contact 60 and electron hole pair supply layer 64 allow
utilization of a wide variety of OLED structures. The OLED
may include a top contact 76 that is transparent and metal
and such metal may be selected based on the OLED design.

As indicated above, the disclosure is capable of using a
wide variety of light emitting devices. To this point, pro-
cessing or manufacturing steps required to create the detec-
tor 28 and light emitting devices 32 may vary. With refer-
ence to FIGS. 4 and 5, two examples of processes are shown
for manufacturing apparatuses 24 including two different
light emitting devices 32. FIG. 4 illustrates an example of a
process including exemplary processing steps associated
with the light emitting device 32 being an OLED and FIG.
5 illustrates another example of a process including exem-
plary processing steps associated with the light emitting
device 32 being a VCSEL. It should be understood that the
exemplary processes and associated exemplary steps may
vary and all of such variations are intended to be within the
spirit and scope of the present disclosure. For example, the
processes may include fewer or more steps than the exem-
plary illustrated steps. Also, for example, the processes may
include different steps than those illustrated. Further, for
example, the exemplary steps of the processes may be
performed in various orders than those illustrated.

With particular reference to FIG. 4, exemplary steps are
illustrated that show an exemplary process for generating or
manufacturing an apparatus 24 including an OLED as the
light emitting device 32. Each OLED included in the system
20 is capable of direct up-conversion of infrared light to
short wavelength light visible by the naked eye, silicon
imagers or detectors, etc. In this illustrated example of the
apparatus 24, the various components of the apparatus 24 are
illustrated and referred to as layers. The use of the words
layer and layers when referring to the various components of
the apparatus 24 is not intended to be limiting upon the
configuration or structure of the various components of the
apparatus 24. Rather, the words layer and layers are used to
describe the illustrated exemplary manufacturing process for
manufacturing one example of an apparatus 24. Other words
may be more appropriate for other processes.

With respect to step 100 of FIG. 4, a substrate 88 is
provided, the absorber layer 48 is on top of the substrate 88,
the barrier and trap layer 52 is on top of the absorber layer
48 and the injector layer 56 is on top of the barrier and trap
layer 52. In this illustrated example, all layers begin with a
similar width. In other examples, widths of the layers may
vary. In one example, the substrate 88 may be opaque to
visible light and transparent to IR light. That is, light having
wavelengths in the visible range may not pass through the
substrate 88 whereas light having wavelengths in the infra-
red range may pass through the substrate 88. In one example,
the substrate 88 may be opaque to light having a wavelength
less than 1000 nm and transparent to light having a wave-
length greater than 1000 nm. In one example, the absorber
layer 48 may be made of InGaAs. Alternatively, the absorber
layer 48 may be made of other semiconductors or semicon-
ductor materials. In one example, the injector layer 56 may
be made of InP. Alternatively, the injector layer 56 may be
made of other materials. The various layers in step 100 may
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be grown or formed on the substrate 88 and may be fused or
bonded in a variety of manners. In one example, the layers
may be fused using wafer fusion or bonding methods, or
bonded via a conductive bonding agent. For example, AuSn
eutectics could be used for bonding. Wafer bonding may be
facilitated in a variety of manners such as, for example, by
a conductive bonding agent (e.g., AuSn or gold eutectics), or
without such conductive bonding agents.

Referring to step 104 of FIG. 4, the contact layer 60 is
formed on top of the injector layer 56. In the illustrated
example, the contact layer 60 is smaller in area or narrower
than the injector layer 56. In one example, the contact layer
60 may be metallic. Alternatively, the contact layer 60 may
be semi-metallic or non-metallic. In step 108, the barrier and
trap layer 52, the injector layer 56, and the absorber layer 48
are reduced in area or width. In the illustrated example, the
barrier and trap layer 52 and the injector layer 56 are reduced
in width to be the same width as the contact layer 60 and the
absorber layer 48 is reduced in width but is still wider than
the contact layer 60, the injector layer 56, and the barrier and
trap layer 52. Alternatively, the barrier and trap layer 52 and
the injector layer 56 may have different widths than each
other and different widths than the contact layer 60. The area
or width of the layer(s) may be reduced in a variety of
manners. In one example, selective wet etching may be used
to achieve the reduced areas of the layer(s).

In step 112, planarization occurs by forming an insulator
92 around the contact layer 60, the injector layer 56, the
barrier and trap layer 52, and the absorber layer 48. In the
illustrated example, the insulator 92 is black. In one
example, the insulator 92 may be a polymer including black
or other dark colored dies. Alternatively, the insulator 92
may be made of different materials and have different colors.
In step 116, the insulator 92 is etched back to expose the
contact layer 60. In step 120, an OLED back contact 94 is
formed around the contact layer 60 and on top of the
insulator 92. The OLED back contact 94 is conductively
coupled to the contact layer 60. In one example, the OLED
back contact 94 and the contact layer 60 together form the
electron hole pair supplier 64. In one example, the electron
hole pair supplier 64 may be AuSn eutectics. For descriptive
purposes with respect to FIG. 4, the electron hole pair
supplier 64 will be referred to as the electron hole pair
supply layer 64. In step 124, an OLED deposition or layer
96 is deposited or formed on top of the OLED back contact
94 and contact layer 60. In step 128, a top contact 76 is
formed on top of the OLED deposition or layer 96. In one
example, the top contact 76 may be transparent.

With particular reference to FIG. 5, exemplary steps are
illustrated that show an exemplary process for generating or
manufacturing an apparatus 24 including an LED or VCSEL
as the light emitting device 32. Each LED or VCSEL
included in the system 20 is capable of direct up-conversion
of infrared light to short wavelength light visible by the
naked eye, silicon imagers or detectors, etc. In this illus-
trated example of the apparatus 24, the various components
of the apparatus 24 are illustrated and referred to as layers.
The use of the words layer or layers when referring to the
various components of the apparatus 24 is not intended to be
limiting upon the configuration or structure of the various
components of the apparatus 24. Rather, the words layer and
layers are used to describe the illustrated exemplary manu-
facturing process for manufacturing one example of an
apparatus 24. Other words may be more appropriate for
other processes.

With respect to step 200 of FIG. 5, a substrate 88 is
provided, the absorber layer 48 is on top of the substrate 88,
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the barrier and trap layer 52 is on top of the absorber layer
48 and the injector layer 56 is on top of the barrier and trap
layer 52. In this illustrated example, all layers begin with a
similar width. In other examples, widths of the layers may
vary. In one example, the substrate 88 may be opaque to
visible light and transparent to IR light. That is, light having
wavelengths in the visible range may not pass through the
substrate 88 whereas light having wavelengths in the infra-
red range may pass through the substrate 88. In one example,
the substrate 88 may be opaque to light having a wavelength
less than 1000 nm and transparent to light having a wave-
length greater than 1000 nm. In one example, the absorber
layer 48 may be made of InGaAs. Alternatively, the absorber
layer 48 may be made of other semiconductors or semicon-
ductor materials. In one example, the injector layer 56 may
be made of InP. Alternatively, the injector layer 56 may be
made of other materials. The various layers in step 200 may
be grown or formed on the substrate 88 and may be fused or
bonded in a variety of manners.

Referring to step 204 of FIG. 5, a LED or VCSEL layer
97 is formed on the injector layer 56. The LED or VCSEL
layer 97 may be formed on the injector layer 56 in a variety
of manners. In one example, the LED or VCSEL layer 97
may be formed on the injector layer 56 using wafer fusion
or bonding methods. For example, the LED or VCSEL layer
97 may be bonded to the injector layer 56 using a conductive
bonding agent or layer 98 (as illustrated in FIG. 5). In one
example, the bonding agent 98 may be AuSn eutectics. In
other examples, wafer bonding or fusing methods may be
performed without such conductive bonding agents.

With reference to step 208 in FIG. 5, a top contact layer
76 is formed on top of the LED or VCSEL layer 97. In one
example, the top contact 76 may be transparent. In the
illustrated example, the top contact layer 76 is smaller in
area or narrower than the LED or VCSEL layer 97. In step
212, the LED or VCSEL layer 97, the bonding agent layer
98, the injector layer 56, the barrier and trap layer 52, and
the absorber layer 48 are all reduced in area or width. In the
illustrated example, these layers are reduced in width to be
the same width as the top contact layer 76. Alternatively,
these layers may have different widths than each other and
different widths than the top contact layer 76. The area or
width of the layer(s) may be reduced in a variety of manners.
In one example, selective wet etching may be used to
achieve the reduced areas of the layer(s).

With continued reference to FIG. 5 and particular refer-
ence to step 216, the barrier and trap layer 52 is etched to
further reduce its area or width. In this example, the barrier
and trap layer 52 has an area or width that is less than or
narrower than the absorber layer 48, the injector layer 56, the
bonding agent layer 98, the LED or VCSEL layer 97 and the
top contact layer 76. In step 220, planarization occurs by
forming an insulator 92 around the top contact layer 76, the
LED or VCSEL layer 97, the bonding agent layer 98, the
injector layer 56, the barrier and trap layer 52, and the
absorber layer 48. In the illustrated example, the insulator 92
is black. In one example, the insulator 92 may be a polymer
including black or other dark colored dies. Alternatively, the
insulator 92 may be made of different materials and have
different colors. In step 224, the insulator 92 is etched back
to expose the top contact layer 76. In one example, the
bonding agent 98 is the electron hole pair supplier 64. In
other examples, the bonding agent 98 in combination with
other components of the apparatus 200 make up the electron
hole pair supplier 64. In still other examples, another indi-
vidual component or combination of components of the
apparatus 200 make up the electron hole pair supplier 64.
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Referring now to FIG. 6, one example of a properly
manufactured apparatus 24 is illustrated. This exemplary
apparatus 24 corresponds to an apparatus 24 manufactured
by the exemplary process associated with FIG. 5. This
apparatus 24 includes an adequate and properly formed
undercut or etch of the barrier and trap layer 52. This
undercut may be achieved by using selective wet etching
made of, for example, H2SO4:H202:H20 10:1:1 at 5° C.
This exemplary undercut is a precise or appropriate undercut
to form a properly etched apparatus 24. For purposes of
comparison, reference is made to FIG. 7 where an excessive
undercut or etch is made in the barrier and trap layer, thereby
resulting in an improperly formed apparatus.

The system 20 may include other beneficial properties in
addition to the integration of the detector 28 and the light
emitting device 32, and the conversion of light having a first
wavelength to a light having a second wavelength. For
example, the apparatus 24 may provide optical isolation of
the light emitting device 32 and the detector 28 in order to
avoid a positive feedback between the detector 28 and the
light emitting device 32. Also, for example, the apparatus 24
may provide a barrier and trap 52 that has an area smaller or
narrower than an area of the absorber 48 and such a barrier
and trap 52 may generate as many electron hole pairs as
desired in order to provide a large gain or up-conversion.
Furthermore, for example, the apparatuses 24 and system 20
provide a device that is capable of converting light wave-
lengths that is reduced in weight, volume and cost compared
to other detectors.

The Abstract of the disclosure is provided to allow the
reader to quickly ascertain the nature of the technical dis-
closure. It is submitted with the understanding that it will not
be used to interpret or limit the scope or meaning of the
claims. In addition, in the foregoing Detailed Description, it
can be seen that various features are grouped together in
various embodiments for the purpose of streamlining the
disclosure. This method of disclosure is not to be interpreted
as reflecting an intention that the claimed embodiments
require more features than are expressly recited in each
claim. Rather, as the following claims reflect, inventive
subject matter lies in less than all features of a single
disclosed embodiment. Thus, the following claims are
hereby incorporated into the Detailed Description, with each
claim standing on its own as a separately claimed subject
matter.

While various embodiments of the disclosure have been
described, it will be apparent to those of ordinary skill in the
art that other embodiments and implementations are possible
within the scope of the disclosure. Accordingly, the disclo-
sure is not to be restricted except in light of the attached
claims and their equivalents.

The invention claimed is:

1. An apparatus for converting light having a first wave-
length to a light having a second wavelength, the apparatus
comprising:

an interband light detector comprising

an interband absorber layer configured to absorb light
having the first wavelength to generate electron-hole
pairs;

a barrier and trap layer over the absorber layer, wherein
the barrier and trap layer is configured to trap one of
a hole and an electron of the electron-hole pairs and
configured to form a barrier to the other one of the
hole and the electron of the electron-hole pairs to
result in light amplification; and
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an injector layer over the barrier and trap layer, the
injector layer configured to inject either electrons or
holes into the interband absorber layer via the bar-
rier;

a light emitting device configured to emit light having the

second wavelength; and

a connector layer between the injector layer and the light

emitting device, the connector layer configured to
supply other electron-hole pairs and to supply either
electrons or holes of the other electron-hole pairs to the
injector layer and to supply the other of electrons or
holes of the electron-hole pairs to the light emitting
device.

2. The apparatus of claim 1, wherein the barrier and trap
layer is narrower in width than the interband absorber layer.

3. The apparatus of claim 1, wherein the barrier and trap
layer and the injector layer are both narrower in width than
the interband absorber layer.

4. The apparatus of claim 1, wherein the interband
absorber layer is formed on a substrate, and wherein the
substrate is transparent with respect to light having the first
wavelength to enable light having the first wavelength to
pass through the substrate.

5. The apparatus of claim 1, wherein the interband
absorber layer is formed on a substrate, the barrier and trap
layer is formed on the absorber layer, and the injector layer
is formed on the barrier and trap layer.

6. The apparatus of claim 1, wherein the light emitting
device is at least partially comprised of at least one of an
organic light emitting diode layer, a light emitting diode
layer, and a vertical cavity surface emitting laser layer.

7. The apparatus of claim 1, wherein the first wavelength
is greater than the second wavelength.

8. The apparatus of claim 1, wherein the barrier and trap
layer is narrower in width than both the interband absorber
layer and the injector layer.

9. The apparatus of claim 1, wherein the interband
absorber layer, the barrier and trap layer and the injector
layer have a band structure with a type II band alignment.

10. The apparatus of claim 1, wherein the light emitting
device is a light emitting diode or a vertical cavity surface
emitting laser and is formed directly on the connector layer,
wherein the connector layer is formed directly on the
injector layer, wherein the injector layer is formed directly
on the barrier and trap layer, and wherein the barrier and trap
layer is formed directly on the interband absorber layer.

11. The apparatus of claim 10, wherein the barrier and trap
layer is narrower in width than both the interband absorber
layer and the injector layer.

12. The apparatus of claim 1, wherein the light emitting
device is an organic light emitting diode and is formed
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directly on the connector layer, wherein the connector layer
is formed directly on the injector layer, wherein the injector
layer is formed directly on the barrier and trap layer, and
wherein the barrier and trap layer is formed directly on the
interband absorber layer.

13. The apparatus of claim 12, wherein both the barrier
and trap layer and the injector layer are narrower in width
than the interband absorber layer.

14. The apparatus of claim 1, wherein the light having the
first wavelength is infrared light and the light having the
second wavelength is visible light.

15. The apparatus of claim 1, wherein the connector layer
comprises a metal layer or a tunnel junction layer.

16. A method of converting an-input light having a first
wavelength to an-output light having a second wavelength,
the method comprising:

illuminating an apparatus with input light having a first

wavelength, the apparatus comprising:

an interband light detector comprising

an interband absorber layer configured to absorb the
input light having the first wavelength to generate
electron-hole pairs;

a barrier and trap layer over the absorber layer, wherein
the barrier and trap layer is configured to trap one of
a hole and an electron of the electron-hole pairs and
to form a barrier to the other one of the hole and the
electron of the electron-hole pairs; and

an injector layer over the barrier and trap layer, the
injector layer configured to inject either electrons or
holes into the interband absorber layer;

a light emitting device configured to emit output light
having the second wavelength; and

a connector layer between the injector layer and the
light emitting device, the connector layer configured
to supply other electron-hole pairs and to supply
either electrons or holes of the other electron-hole
pairs to the injector layer and to supply the other of
electrons or holes of the other electron-hole pairs to
the light emitting device; and

emitting the output light having the second wavelength.

17. The method of claim 16, wherein the first wavelength
is greater than 1000 nanometers and the second wavelength
is less than 1000 nanometers.

18. The method of claim 16, wherein the input light
having the first wavelength is infrared light and the output
light having the second wavelength is visible light.

19. The apparatus of claim 16, wherein the connector
layer comprises a metal layer or a tunnel junction layer.
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